Unmanned aerial vehicle (UAV) relaying is an efficient solution to provide wireless access for emergency communications due to the high flexibility. The system reliability is usually constrained under limited bandwidth and power resources. Downlink non-orthogonal multiple access (NOMA) can improve the system reliability through a higher resource utilization. To this end, we introduce downlink NOMA to a UAV-enabled mobile relaying system and investigate a scenario where a fixed-wing UAV flies in a circular trajectory to serve as a mobile decode-and-forward (DF) relay in an emergency situation. Since guaranteeing a reliable link is necessary in an emergency situation, our formulated problem is to minimize the maximum outage probability among all links, taking into account the bandwidth and power allocations based on downlink NOMA. Specially, the condition for successful successive interference cancellation (SIC) is also considered. By making change of variables and introducing slack variables, we reformulate our problem into a more tractable form, then we propose an iteration algorithm to solve our problem based on the successive convex optimization (SCO) technique. The optimized bandwidth and power allocation schemes as well as the min-max outage probability along the UAV trajectory are obtained, respectively. Two benchmarks are designed to reveal the performance of our proposed algorithm, and the reliability gain can be obtained by comparing the min-max outage probability and the overall average outage probability.
I. INTRODUCTION A. BACKGROUND AND MOTIVATION
Unmanned aerial vehicles (UAVs) have attracted considerable attention because of a wide range of applications [1] - [5] . Particularly, benefiting from the dominant line-of-sight (LoS) component of the air-to-ground (AtG) link [6] , the UAV-enabled wireless communications promise to suffer lower propagation loss, which improves the link quality of service (QoS) performance. Thus, UAVs serving as aerial base stations (BSs) or relays are widely used to further boost the network capacity [7] - [9] or realize more flexible coverage [10] . Due to unique structural features, fixed-wing UAVs are usually used as mobile BSs or relays to provide dynamic connectivity from the sky. In addition to mobility, rotary-wing UAVs can also keep still to provide a quasi-static wireless propagation channel. Thanks to the high flexibility of UAVs, both two kinds of UAVs can accomplish on-demand and The associate editor coordinating the review of this manuscript and approving it for publication was Zhenyu Xiao . cost-effective deployments [11] . Attracted by above reasons, UAVs have been widely applied to many communication scenarios, especially in an emergency situation to provide wireless access for users in danger [12] - [16] .
UAVs used in an emergency situation usually work as relays since they need to provide backhaul links to realize information exchange [16] . Compared with a ground relay, a UAV relay is more efficient. Firstly, a ground relay that is temporarily deployed in a disaster area may be destroyed once again due to a harsh environment. Whereas a UAV relay is free from the ground damage due to its high altitude. Secondly, a higher UAV altitude provides a better LoS propagation channel, which makes the AtG link enjoy the Rician fading channel instead of the Rayleigh fading channel dominated in the ground link, and thus improves the channel performance. Therefore, a UAV serving as an aerial relay is more suitable to temporarily provide communication services in an emergency situation.
Because an emergency communication link provides necessary services for users in danger, how to guarantee VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ reliable relaying under a limited communication resource is an important issue. Downlink non-orthogonal multiple access (NOMA) allows simultaneous transmission among multiple links with the same frequency, which can improve the bandwidth utilization by carefully designing the communication resource, and thus is suitable to further improve the reliability for resource-limited UAV relaying systems in emergency communications. Motivated by this reason, this paper considers a downlink NOMA-assisted UAV relaying system, providing wireless access for emergency communications in a disaster area. We aim to optimize the link outage probability with a given communication resource to guarantee reliable relaying.
B. RELATED WORKS
The works in [17] - [20] assumed a UAV as a mobile decodeand-forward (DF) relay, flying in a circular trajectory. Specifically, Ono et al. in [17] proposed a variable-rate relaying approach to optimize the time allocation scheme, and they compared the outage probability with the fixed-rate case; Jiang et al. in [18] developed the optimal time and power allocation schemes to minimize the average outage probability for Rayleigh fading and Rician fading channels, respectively; Song et al. in their works [19] and [20] optimized the beamforming and power allocation to maximize the end-to-end signal-to-noise ratio (SNR) for half-duplex and full-duplex, respectively, then they derived the closed outage probability expression to investigate the reliability gain. Yuan et al. in [21] developed the location-based beamforming scheme to improve the secrecy outage performance. The UAV trajectory and power allocation were jointly designed to improve the global reliability in [22] - [24] . Note that the works in [17] - [24] mainly focus on the time and power resources or beamforming for mobile relaying systems. The bandwidth resource that significantly affects the channel capacity and noise level is not considered. Besides, these works in [17] - [24] assume a source node communicates with a destination node via a UAV relay, where the co-channel interference does not exist. For multi-link communication systems, NOMA actively introduces the co-channel interference through reusing the bandwidth resource, which is able to improve the resource utilization by the successive interference cancellation (SIC) technique. Sharma and Kim [25] gave a theoretical outage analysis on a UAV-assisted downlink two-user NOMA system. Selim et al. [26] considered a UAV-assisted deviceto-device (D2D) communication scenario and derived the link outage probability based on downlink two-user NOMA. Han et al. [27] applied downlink NOMA to the UAV with consideration of a imperfect SIC to analyze the link outage probability. Hou et al. [28] investigated a multi-antenna UAV communication scenario with downlink NOMA and derived the analytical outage probability by a stochastic geometry approach. Wang et al. [29] assumed a multi-node AtG cooperative NOMA network to analyze the system outage performance. Li et al. [30] considered a dual-UAV-enabled NOMA relaying system and analyzed the uplink, downlink and overall outage probabilities, respectively. Except for [30] , the backhaul links are not considered in [25] - [29] . Moreover, all the works in [25] - [30] assume a pre-defined resource allocation scheme without resource optimization, which in fact increases the impact of the co-channel interference on the system reliability and reduces the resource utilization, since the co-channel interference can be mitigated by careful resource optimization [31] , [32] .
C. CONTRIBUTIONS
In this paper, we consider an emergency communication scenario where multiple access points (APs) without backhaul links are left in a disaster area. We assume that a UAV flies in a circular trajectory to provide relaying services between multiple remote BSs and these remaining APs. Downlink NOMA is applied to the UAV for a higher resource utilization. Compared with orthogonal transmission, the co-channel interference introduced by downlink NOMA weakens the system reliability. How to optimize the bandwidth and power allocations to improve the system reliability remains to be a meaningful issue. To this end, we give a joint design of the bandwidth and power allocations along the UAV trajectory to minimize the maximum outage probability among all links. Our main contributions of this paper are given as follows:
• By using the DF relaying protocol, a UAV-enabled mobile relaying system based on downlink NOMA is established, forwarding information from multiple remote BSs to multiple remaining APs in an emergency situation. With consideration of the co-channel interference introduced by downlink NOMA, the bandwidth and power allocations are jointly designed along the UAV trajectory to obtain the min-max outage probability among all links.
• With the aid of variable substitutions and slack variables, we deal with our formulated problem by converting it into a more tractable form. Then, an iteration algorithm based on the successive convex optimization (SCO) technique is proposed to solve our problem.
• The optimized bandwidth and power allocation schemes are developed along the UAV trajectory, respectively. The min-max outage probability along the UAV trajectory is also given. A lower min-max outage probability can be obtained when the largest bandwidth resource is allocated to the second hops. The min-max outage probability along the UAV trajectory based on downlink NOMA is lower than that based on downlink orthogonal multiple access (OMA). Our proposed algorithm also obtains the reliability gain by comparing the overall average outage probability.
D. ORGANIZATION
The rest of this paper is organized as follows. Section II gives our formulated outage probability optimization problem. In Section III, our proposed iteration algorithm based on the SCO technique is given. Simulation results are presented in Section IV, followed by the conclusion of this paper in Section V.
II. SYSTEM MODEL AND PROBLEM FORMULATION
As shown in the right side of Figure 1 , we consider a ground region where a two-tier heterogeneous network (HetNet) is initially deployed, i.e., multiple APs such as micro-BSs that provide wireless coverage on high user-density areas and a macro-BS that provides backhaul links for these APs. In an emergency situation such as earthquake, we assume that the macro-BS is broken, only with N APs left. A traditional way to recover the network connection is to use emergency communication vehicles, which is inefficient and time-consuming due to the disaster. Thanks to the fast development of electronics and energy technologies, utilizing UAVs to assist communications has attracted much attention. A fixed-wing UAV is more power-saving and has a larger battery capacity [33] , [34] , which can bring a longer battery life. Therefore, we assume a fixed-wing UAV denoted by u as an aerial mobile relay, providing communication links between the remote BSs (the left side of Figure 1 ) and the APs. These remaining APs in the emergency area are out of the coverage of remote BSs, thus only the UAV relay can be used to forward information to provide communication services. Since each remote BS needs to provide local services, we further assume that each remote BS can only provide additional access for one AP. Thus, N remote BSs are used to provide backhaul links. The information from BS s i (i ∈ {1, 2, . . . , N }) is forwarded to corresponding AP d i via UAV relay u. This is actually a communication pre-matching process for load balancing, and can be pre-executed by the communication service provider according to the load of remote BSs. We take the link s i −u−d i as link i. Without loss of generality, (x s i , y s i ) and (x d i , y d i ) are defined as the coordinates of remote BS s i and AP d i , respectively. Similar with [17] - [20] , we consider that the UAV flies in a circular trajectory with the circle center of O and the circle radius of r. The coordinate of O is (0, 0, h), where h represents the UAV flying altitude. θ (0 ≤ θ ≤ 2π ) is defined as the azimuth angle of UAV along the circle. Therefore, the UAV trajectory can be represented by (x u , y u , h) = (r cos(θ ), r sin(θ ), h). The Euclidean distances between BS s i or AP d i and the UAV are written as:
We assume that the UAV relay works in the frequency division duplexing (FDD) mode so that the information received from the remote BSs can be real-time forwarded to the APs. The BSs and APs are assumed to be equipped with a single antenna. For the UAV, one antenna is used to receive information from N uplinks with frequency division multiple access (FDMA) (different colors in the first hops); the downlinks share the same bandwidth resource by using downlink NOMA (the same color in the second hops), where another antenna is used to transmit information to the APs. Thus, the co-channel interference is introduced by using downlink NOMA. P s i is the transmit power of BS s i . P u i denotes the allocated power from the UAV for link ud i . To efficiently utilize the power resource, we further consider a power-limited communication system. P max is defined as the maximum allowed total transmit power in this communication system. For a given P max , we obtain P s i = P max ξ s i and P u i = P max ξ u i , where ξ s i and ξ u i are the power allocation coefficients for P s i and
Besides, B t represents the total system bandwidth. β s i u is the bandwidth allocation coefficient for the first hop s i u of link i, and B t β s i u is the allocated bandwidth for BS s i to transmit information to the UAV. β ud is the bandwidth allocation coefficient for the second hops, and B t β ud is the shared bandwidth for the second hops to transmit information to the APs by using downlink NOMA. Since the total allocated bandwidth can not exceed the total allowed system bandwidth, the following constraints hold:
Since the AtG link usually contains a strong LoS component and some other multi-path components, the Rician channel proposed by [35] is used to model the AtG link. The Rician factor and path loss exponent of the AtG link are related to the elevation angle. The elevation angle of the AtG link in radian can be obtained by:
According to [35] , the Rician factor and path loss exponent can be respectively modeled as:
where a 1 , b 1 , a 2 , b 2 , a 3 and b 3 are constant parameters and mainly depend on the environment. Let h mn be the small-scale fading gain of link mn used in the Rician fading channel. According to [35] , |h mn | 2 satisfies the non-central chi-square distribution. The probability distribution function (PDF) of |h mn | 2 can be expressed as [35] :
whereĀ = 1 denotes the average power of |h mn | 2 and I 0 (.) is the zero-order modified Bessel function of the first kind. Therefore, the cumulative density function (CDF) of |h mn | 2 can be expressed as [35] :
where Q 1 (., .) is the first-order Marcum Q-function defined by:
Based on the above derivations, the instantaneous transmission rate of link s i u can be formulated as:
where N 0 is the noise power spectral density, and B t β s i u N 0 represents the additive noise power of link s i u; d −α s i u s i u represents the large-scale fading gain of link s i u; |h s i u | 2 represents the small-scale fading gain of link s i u.
Once the link transmission rate is lower than a rate threshold R th , this communication link is considered to be interrupted. According to (11) and (13), one can formulate the outage probability of link s i u as:
where E s i u is derived as:
For the second hops, according to the SIC technique in downlink NOMA, the signals received by the links with higher channel gains can cancel the co-channel interferences from other links with lower channel gains. Without loss of generality, the channel gain is assumed to be ordered by the APs' distances from the UAV, i.e., a shorter distance brings a better channel gain.
Define a node set as G i = {∀g|d ud i > d ud g }. The outage probability of link ud i with consideration of successful SIC can be calculated as: (16) where E ud i is calculated as:
satisfying the following successful SIC condition:
Proof: Based on the channel gain order and the SIC rules, AP d i firstly detects the signal that is useful for AP d m and removes it from the received signal of AP d i . According to [36] , [37] , the instantaneous rate of AP d i to detect the signal for AP d m is calculated as:
The instantaneous rate of AP d i to detect its own signal is calculated as:
In order to guarantee that link ud i is not interrupted, both the condition to successfully detect the signal for AP d m and the rate requirement at AP d i should be considered. Define the same E ud i as used in (17) . Therefore, the outage probability of link ud i is given by [36] , [37] :
where (a) is obtained according to (17) and (19); (c) holds according to (11) ; (b) holds under the premise that constraint (18) is satisfied. The proof of Lemma 1 is completed.
In this paper, we assume that the UAV relay works in the DF relaying mode. Thus, the outage probability of link i can be written as:
By defining η as the maximum outage probability among all links, i.e., η = max{P i,out , ∀i}, we have the following constraint:
Since the UAV flies in a circular trajectory, the channel is time-varying with respect to the UAV azimuth angle θ . For any given UAV location, which means a given θ , the channel gains in the second hops depend on the distances between the UAV and APs. According to the assumption in Lemma 1, we derive the link outage probability of each second hop by downlink NOMA with a priori channel gain order. Thus, with a given UAV location, the channel gain order should be firstly built according to the distance order of the second hops. Based on this channel gain order, the time-varying outage probability for each link is obtained by (22) . Along the UAV trajectory, our goal is to jointly design the bandwidth allocation β β β = {β s i u , ∀i} β ud and power allocation ξ ξ ξ = {ξ s i , ξ u i , ∀i} to obtain the min-max outage probability among all links. Mathematically speaking, this problem can be formulated as: (18) and (23).
Due to the existence of the first-order Marcum Q-function, the outage probability function is hard to handle. Moreover, the co-channel interference introduced by downlink NOMA makes the outage probability function highly coupled with the bandwidth and power variables. Finally, the successful SIC constraint is also related to the bandwidth and power allocations. Thus, problem (24) is a non-convex problem and hard to directly solve.
III. ALGORITHM DESIGN
To make the outage probability function more tractable, as used in [17] , [18] , [25] , we approximate the outage probability function at a high reference SNR range. λ r = P max B t N 0 is defined as a reference SNR. With λ r → +∞, we have 1 λ r → 0, and we use the Maclaurin series with respect to l = 1 λ r for (22) . As a result, P i,out can be rewritten as:
where c n = ∂ n P i,out n!∂l n | l=0 . c n l n for n ≥ 2 is the high-order infinitesimal of c 1 l at the high λ r range. Omit the high-order terms, and P i,out can be replaced by its first-order asymptotic value as follows:
According to (26) , the approximation error between the first-order asymptotic outage probability and the original outage probability is ∞ n=2 c n l n . For a high enough SNR λ r , this approximation error can be ignored due to l → 0. A lower reference SNR λ r means a higher l, which brings a larger approximation error. A feasible way to cope with this problem is to firstly design the resource allocation by using the first-order asymptotic outage probability, then the original outage probability can be obtained by (22) based on the optimized resource allocation scheme. In fact, for a normal communication system setup such as P max = 10 w, B t = 5 M and N 0 = −174 dBm/Hz used in our simulations, the reference SNR is λ r = P max B t N 0 ≈ 5.024 × 10 14 , which is high enough to get a very small approximation error. Note that the following simulation results in Section IV will also show the high accuracy by using the first-order asymptotic outage probability.
By calculation, we have c 0 = 0 and c 1 =
. Therefore, P i,out is rewritten as:
where
, ∀v], ∀i. (31) L 1,i and L 2,i are functions of the azimuth angle θ , which implies that L 1,i and L 2,i account for the time-varying channel. F 1,i and F 2,i depend on the optimization variables, i.e., bandwidth allocation and power allocation.
Although P i,out is approximated by a more tractable form in (27) , P i,out is still non-convex with respect to ξ ξ ξ and β β β. Specifically, F 1,i has been proven to be jointly convex with respect to β s i u and ξ s i by [18] . However, F 2,i is not jointly convex with respect to β ud , ξ u v and ξ u j due to the interference term. Moreover, the constraint in (18) for successful SIC is also non-convex. For the proof, please refer to Appendix. Thus, problem (24) with using the first-order asymptotic outage probability is still a non-convex optimization problem. In the following, we use the SCO technique to deal with problem (24) . Specially, although F 1,i is convex, it does not satisfy the disciplined convex program (DCP) rules [38] , thus can not be recognized by the existing convex optimization toolbox CVX. To efficiently solve problem (24) by CVX, we equivalently change the original problem into a more tractable form.
Without loss of optimality, we firstly make change of variables as follows: 
To tackle problem (35) , we further introduce slack variables π π π = {π u i , ∀i} and φ φ φ = {φ s i u , ∀i} φ ud satisfying the following constraints:
With the aid of the constraints in (36), (37) and (38), the constraint in (35g) can be equivalently replaced by:
One can verify that the minimum value of η is obtained when
and φ 2 ud = R th s ud B t log 2 (1+s ud ) . Besides, since π i is non-negative, the constraint in (36) holds means that the constraint in (35f) is always satisfied. Thus, problem (24) can be equivalently transformed as: π uv , ∀v] in constraint (40) is the point-by-point maximum of multiple quadratic-overlinear functions. Thus, constraint (40) is also convex. Using the SCO technique, we only need to deal with the constraints in (36), (37) and (38) .
Proof: According to f (x), we have:
where g(x) = 2x − (x + 2) ln(1 + x). The first and second derivatives of g(x) are calculated as:
dx 2 ≤ 0 for x ≥ 0, which means that dg(x) dx is non-increasing with respect to x ≥ 0. The maximum value of dg(x) dx can be obtained by dg(x) dx | x=0 = 0. As a result, g(x) is also non-increasing with respect to x ≥ 0, and the maximum value 
Similarly, since φ 2 s i u is convex with respect to φ s i u , the concave lower-bound of φ 2 s i u can be calculated by: 
Moreover, 1 √ t uv in constraint (36) is convex with respect to t u v . Similar with (46), its concave lower-bound can be obtained by:
In summary, apply the SCO technique to problem (41), and this problem in the (ρ)th iteration can be transformed as: In each iteration, problem (50) is a standard convex optimization problem with a polynomial computational complexity of O(N 3.5 P 50 ), where N P 50 is the dimension of variables in problem (50). Thus, the total computational complexity of Algorithm 1 The SCO Method for Solving Problem (41) 1. Let ρ = 0, and initialize s s s 0 , t t t 0 and φ φ φ 0 ; 2. Repeat 3. Solve problem (50) with given s s s ρ , t t t ρ and φ φ φ ρ by using CVX, and obtain the optimal solution denoted by s s s ρ+1 , t t t ρ+1 and φ φ φ ρ+1 ; 4. Update ρ = ρ + 1; 5. Until 6. The min-max outage probability converges to a tolerance error or the maximum number of iterations N ρ is reached.
where N c is the iteration number for convergence or equals to the maximum allowed iteration number N ρ . The objective and all the constraints in problem (50) satisfy the disciplined CVX rules [38] . Problem (50) now can be directly solved using the convex optimization toolbox CVX. Iteratively solving problem (50) gives an optimized upper-bound of problem (41), since the constraints in (36) , (37) and (38) are replaced by their corresponding bounds, respectively. The iteration guarantees to converge to a given tolerance error. Our proposed iteration algorithm is summarized in Algorithm 1.
IV. SIMULATION RESULTS
Simulation results are given in this section to verify our proposed algorithm. In this paper, we firstly consider a downlink two-node NOMA scenario included by the Third Generation Partnership Project (3GPP) [36] , [37] , [39] , i.e., N = 2. To reveal some regular properties, we firstly assume a symmetric linear network topology as used in [17] - [20] . However, our proposed algorithm can also work with randomly generated coordinates. The coordinates of the BSs and APs used in our simulations are given in Table 1 . We adopt the environmental parameters used in [20] , [35] as shown in Table 2 . The other simulation parameters used in this paper are summarized in Table 3 , unless otherwise indicated. For comparison, we design two benchmarks: • Benchmark 1 -Power allocation optimization with equal bandwidth allocation, i.e., β β β = {β s i u = β ud = 1 N +1 , ∀i}. • Benchmark 2 -Joint bandwidth and power allocation optimization with downlink OMA, where FDMA is also applied to the second hops to avoid the co-channel interference.
Note that Benchmark 1 is designed to reveal the reliability gain by the bandwidth allocation between the first and second hops that is not considered in the most of related works. Benchmark 2 is designed to reveal the advantage of downlink NOMA over downlink OMA.
In the step 1 of Algorithm 1, s s s 0 , t t t 0 and φ φ φ 0 need to be initialized. The equal bandwidth and power allocations are the feasible solution to problem (41). According to (35b), (35d), (37) and (38) as well as the parameters in Table 3 , we set t t t 0 = {16, 16}, s s s 0 = {2 Figure 2 plots the min-max outage probability versus the number of iterations to show the convergence of our proposed algorithm by iteratively solving problem (50). The min-max outage probability converges to the given tolerance error . Let us take θ = 0.4π for example, and the sixth iteration leads the min-max outage probability to decrease from 1.106×10 −4 to 1.105×10 −4 , which reduces by 0.0904% < . Thus, the minmax outage probability converges to 1.105×10 −4 in the sixth iteration. Figure 3 and Figure 4 plot the bandwidth allocation and power allocation versus the UAV azimuth angle θ , respectively. Figure 5 plots the min-max outage probability versus the UAV azimuth angle θ . Since the time-varying channel is symmetrical about θ = π , the bandwidth allocation, power allocation and the min-max outage probability are symmetrical about θ = π , respectively. For any given θ, we have β s 1 u + β s 2 u + β ud = 1 and ξ s 1 + ξ s 2 + ξ u 1 + ξ u 2 = 1. More bandwidth or power resource can provide a higher transmission rate, which reduces the link outage probability. Thus, all the bandwidth and power resources are fully allocated.
As θ increases from 0 to π , the UAV gets closer to the BSs. Therefore, the bandwidth and power resources allocated to the BSs decrease and the bandwidth and power resources allocated to the APs increase.
According to Figure 3 , β ud is smaller than β s 1 u and β s 2 u at both sides of the interval [0, 2π ]. This is because the UAV is closer to the APs, which causes the second hops suffer lower path loss than the first hops. More bandwidth resource should be allocated to the first hops to improve the transmission rates of the BSs. Oppositely, β ud is larger than β s 1 u and β s 2 u around θ = π due to longer distances between the UAV and APs. With any given θ , β s 1 u is larger than β s 2 u . The distance between BS s 2 and the UAV is smaller than that between BS s 1 and the UAV, thus more bandwidth resource is allocated to link s 1 u to reduce the outage probability of this link.
According to Figure 4 , at both sides of the interval [0, 2π ], ξ u 1 and ξ u 2 are smaller than ξ s 1 and ξ s 2 , respectively, and the other way around at the middle range of the interval [0, 2π ]. Moreover, ξ s 1 is larger than ξ s 2 with any given θ . The above two observations can be explained by the similar reasons as used in the bandwidth allocation. For the second hops, ξ u 1 is larger than ξ u 2 with any given θ . We observe that d ud 1 > d ud 2 always holds along the UAV trajectory, which means the channel gain of link ud 2 is better than that of link ud 1 according to the channel gain order. As a result, AP d 2 is able to cancel the co-channel interference from link ud 1 by the SIC technique, while AP d 1 suffers the co-channel interference from link ud 2 . This leads link ud 1 to obtain more power resource to reduce its outage probability.
Based on the optimized bandwidth and power allocations, the original outage probability is also calculated according to (22) . Figure 5 shows at the majority of θ values, the minmax outage probability obtained by the first-order asymptotic outage probability can well match that obtained by the original outage probability. This verifies the efficiency of the first-order asymptotic outage probability. Since Benchmark 1 only optimizes the power allocation with equal bandwidth allocation, the joint optimization of the bandwidth and power allocations by our proposed algorithm can achieve a lower min-max outage probability. From Figure 3 , the bandwidth allocation difference first decreases and then increases with θ increasing from 0 to π . Thus, the gap between our proposed algorithm and Benchmark 1 follows the similar trend, and more reliability gain occurs around θ = π . Although Benchmark 2 jointly optimizes the bandwidth and power allocations, the min-max outage probability based on downlink OMA is still higher than that based on downlink NOMA. The second hops share the same bandwidth resource by using downlink NOMA, which introduces the co-channel interference. However, a part of the co-channel interference can be canceled according to the channel gain order, which improves the bandwidth utilization. Thus, the reliability performance by using downlink NOMA outperforms that by using downlink OMA. The time-varying channel is symmetrical about θ = 0.5π by using downlink OMA. According to Benchmark 2, the min-max outage probability is also symmetrical about θ = 0.5π . However, by using downlink NOMA, the min-max outage probability is not symmetrical about θ = 0.5π due to the existence of the co-channel interference in the second hops. A lower min-max outage probability is obtained when θ = π . The UAV is closer to the BSs with θ = π , thus more bandwidth and power resources should be allocated to the second hops. As a result, the bandwidth utilization can be further improved by using the SIC technique. Figure 5 also shows even using downlink NOMA, the equal bandwidth allocation scheme for the first and second hops sometimes causes worse system reliability than using downlink OMA. Figure 6 shows the outage probability fairness among all links for four possible UAV locations. The min-max outage probability is obtained when different links have the same outage probability. Otherwise, the maximum outage probability can be further reduced by decreasing the outage probability gap among all links. Therefore, the first-order asymptotic outage probability among all links obeys the strict fairness by our proposed algorithm. Since the first-order asymptotic outage probability is close to the original outage probability at majority of θ values, the original outage probability fairness among all links can also be approximately achieved.
In order to further reveal the global reliability gain of our proposed algorithm, we also investigate the overall average outage probability η o versus the total transmit power P max as shown in Figure 7 . We divide the interval [0, π] into 41 samples to quantitatively calculate the value of η o as follows:
where η min [0.025π(n − 1)] represents the corresponding min-max outage probability with θ = 0.025π (n−1). As P max increases, the overall average outage probability by our proposed algorithm decreases. This is because P i,out in (22) is negatively related to P max . Moreover, our proposed algorithm has a lower overall average outage probability compared with our designed two benchmarks. Figure 8 plots the overall average outage probability versus the rate threshold R th . According to (22) , the overall average outage probability is increasing with respect to R th . The reliability gain can also be obtained by our proposed algorithm from Figure 8 . Finally, we verify our proposed algorithm with random nodes distribution. For downlink multi-node NOMA, it can be efficiently accomplished by node grouping with each group containing an odd or even number of nodes [32] . Thus, we perform our simulations for another two basic cases with more links, i.e., an odd number of links with N = 3 and an even number of links with N = 4. The BSs are randomly distributed in a rectangular region with vertex coordinates (−2500, 100), (−1500, 100), (−1500, −100) and (−2500, −100). The APs are randomly distributed in a rectangular region with vertex coordinates (1500, 100), (2500, 100), (2500, −100) and (1500, −100). Each BS randomly pre-matches with one AP. For each case, s s s 0 , t t t 0 and φ φ φ 0 in the step 1 of Algorithm 1 need to be re-initialized due to more variables. A common initialization method is to assume equal power allocation, then adjust the bandwidth that is allocated to the second hops to satisfy the SIC constraint in (18) . Based on this method and according to the Figure 9 shows the overall average outage probability versus the total transmit power P max with random nodes distribution. Figure 10 shows the overall average outage probability versus the rate threshold R th with random nodes distribution. Each simulation result in Figure 9 and Figure 10 is averaged over 50 random realizations. A larger number of nodes result in a higher overall average outage probability due to a limited communication resource. However, from Figure 9 , more reliability gain is obtained with a larger N by our proposed algorithm. This is due to the fact that more links share the bandwidth equipped for the second hops by using downlink NOMA, which helps to further improve the bandwidth utilization through the SIC. Similar observations can be obtained from Figure 10 . Figure 7, Figure 8 , Figure 9 and Figure 10 also imply the accuracy between the first-order asymptotic outage probability and the original outage probability.
V. CONCLUSION
This paper has investigated a UAV-enabled mobile relaying system where a UAV flies in a circular trajectory to provide wireless access for remaining APs in an emergency situation. To improve the system reliability, we have jointly optimized the bandwidth and power allocations along the UAV trajectory by using downlink NOMA, aiming to minimize the maximum outage probability among all links. We have proposed an iteration algorithm based on the SCO technique to solve our formulated problem. Simulation results have shown the reliability gain by our proposed algorithm.
Note that this work optimizes the resource allocation to improve the system reliability by only applying downlink NOMA to the UAV. The joint use of uplink and downlink NOMA transmissions to optimize the resource allocation is another interesting direction. Moreover, joint UAV trajectory and NOMA resource allocation optimization is another way to further improve the system reliability for UAV-enabled multiple source-destination relaying. 
